In our study of the development of diving in Gala¨pagos fur seals, we analysed changes in diving activity and body mass trends over the lunar cycle. Based on previously observed lunar cycles in colony attendance patterns, we hypothesized a greater impact of prey migrations of deep scattering layer organisms on younger fur seals. Using electronic dive recorders, we determined that seals dived less and deeper on moonlit nights than at new moon, and incurred body mass losses. These changes in foraging over the lunar cycle correlate with the suppression of the vertical migration of prey by lunar light. All e¡ects were more pronounced in juveniles than adult females, with greater relative mass loss during full moon, which must (i) negatively a¡ect long-term juvenile growth rates, (ii) lengthen periods of maternal dependence, and (iii) contribute to the lowest reproductive rate reported for seals. This underlines the importance of studying ontogeny in order to understand life histories, and for determining the susceptibility of animal populations to £uctuations in food availability.
INTRODUCTION
In diving animals, body mass has a major in£uence on diving and thus foraging e¤ciency: larger animals are generally better divers than smaller ones (Gentry et al. 1986; Kooyman 1989) . This relationship between dive performance and body mass is well documented for interspeci¢c comparisons within closely related taxa (Kooyman 1989; Costa 1993) , but must also apply to juveniles during ontogeny (Kooyman 1989; Thorson & LeBoeuf 1994; Horning & Trillmich 1997a,b) . Therefore, juvenile animals should have reduced diving performance when compared to conspeci¢c adults (Horning & Trillmich 1997a,b) . Gala¨pagos fur seals (Arctocephalus galapagoensis), as the smallest pinnipeds, should be particularly limited in their diving abilities. Physiological maturation, which could further reduce juvenile dive performance, seems to be completed prior to the onset of diving in this species (Horning & Trillmich 1997a,b) . This non-migratory species is con¢ned to the local upwelling centre around the Gala¨pagos islands, inhabiting an environment whose food resources are limiting and highly variable in space and time (Trillmich 1990; Trillmich & Dellinger 1991) . Exceptional variability in the duration of lactation (12^36 months) bu¡ers young against starvation (Trillmich 1990) . Gala¨pagos fur seals have unusually low growth rates and slow development (Trillmich 1986a (Trillmich ,b, 1990 , as well as the longest period of maternal dependence and lowest reproductive rate reported for seals (Trillmich 1986a,b; York 1987) .
Adult females and juveniles alike hunt at night for myctophid and bathylagid ¢shes, as well as squid, occurring in deep scattering layers (DSLs) (Clarke & Trillmich 1980; Trillmich & Dellinger 1991; Horning 1992) . Accessibility to these prey items follows a diel pattern. During the day, the DSL organisms descend out of reach of the diving range of Gala¨pagos fur seals. West of the Gala¨-pagos, where fur seals forage, the DSL prey migrate towards the surface at dusk (18.00) and stay close to the surface at night. Before sunrise (06.00), they descend to depths greater than 200 m (echosounding data (Simrad Skipper 603, 50 kHz), H. Whitehead, personal communication). Adult female Gala¨pagos fur seals rarely dive beyond 100 m (Horning & Trillmich 1997b) . The lunar cycle in£uences organisms of the DSLs in the ocean, many reacting sensitively to changes in light level and migrating closer to the surface at new moon than at full moon (Boden & Kampa 1967; Clarke 1973; Kampa 1974; Neumann 1981) . Myctophids in particular, the most abundant ¢shes in the eastern Paci¢c (Ahlstrom 1972) , occur at much lower densities in the upper ocean during full moon than on`new moon nights' (Clarke 1973; Kampa 1974; Dunlap 1971 ). An analysis of daily growth increments in ¢sh otoliths (as described by Linkowski (1991) ) from the faeces of Gala¨pagos fur seals, showed lunar variations in growth increment spacings (M. Horning, unpublished data), comparable to the variations in Hygophum spp. which Linkowski (1996) linked to lunar cycles in vertical migrations. This supports lunar modulation of diel migration in the myctophid species consumed by Gala¨pagos fur seals. Although diel changes in the diving patterns of seals correlating with the vertical distribution of prey have been detected (Croxall et al. 1985; LeBoeuf et al. 1988 LeBoeuf et al. , 1993 , systematic interactions of longer periodicity in relation to lunar light levels have not previously been identi¢ed for marine mammals or other top marine predators, except for a ¢rst study on lunar cycles in the attendance patterns of Gala¨pagos fur seals (Trillmich & Mohren 1981) .
Prompted by this earlier study, we investigated how ontogenetic changes in the diving of fur seals relate to cyclic changes in relative prey accessibility associated with the lunar modulation of DLS vertical migrations. We analysed how cyclic changes in diving depth and activity relate to short-term changes in body mass, and discuss how ontogenetic constraints in diving ability must in£uence the reproductive rate and life cycle of the Gala¨pagos fur seal, a top marine predator in the Gala¨pagos upwelling ecosystem.
METHODS
Dive behaviour as described here is based on 1288 recording days with electronic time^depth recorders (TDRs) and velocity meters (VMs) deployed on 32 adult, lactating females and 62 1^2-year-old juveniles prior to weaning. Recordings were obtained in 1990^1991, at the Cabo Hammond fur seal colony, Fernandina Island (0828' S, 918W), Gala¨pagos, Ecuador. Animals were captured in the rookery using hoop-nets, and weighed and brie£y held in a restraint board. Recorders were glued to the dorsal fur using 10-min epoxy (Horning & Trillmich 1997b) . Animal handling followed the Institute of Laboratory Animal Resources guidelines (1996) . Mean deployment duration was 12.5 days. Foraging activity was determined with MK4-type TDRs (0^250 m Â1m resolution, accuracy 4 m, Wildlife Computers, Woodinville, WA, USA) and VMs built by M. Horning (Horning & Trillmich 1997b ) (0^10 m s À1 Â 0.05 m s À1 ), using`Zero O¡set Correction' (v. 1.05,Wildlife Computers) and`Dive Analysis' (v. 3.01, Wildlife Computers) software. TDRs sampled at 5 s intervals,VMs sampled at 8 s or 16 s intervals. Both instrument types detected presence in saltwater through conductivity sensors. Hourly intervals were used with animals in the water repeatedly diving to 43 m depth or swimming faster than 0.5 m s À1 counted as activity, to eliminate resting times at surface. Intensity of lunar light was measured ashore with an Ultramarine Instruments LLR1 Light-Level Recorder (0.01^10 lux Â 0.001 lux, +0.005 lux accuracy; Ultramarine Instruments, Galveston, TX, USA). Lunar phase data were obtained from nautical tables (Instituto Oceanographico, Guayaquil, Ecuador).
A non-parametric circular^linear rank-correlation, after Mardia (1976) , was performed to test for lunar cycle variations, using Rayleigh & Co. v. 3.0 fW software (Oxalis Softwaresysteme, GÏtersloh, Germany). To eliminate the e¡ects of varying record lengths and handling disturbance, values for nights 2^6 were averaged for each animal. D n indicates the rank-correlation coe¤cient, U n delivers probability p from table 1 of Mardia (1976) . To test for light-related e¡ects, averages of hourly mean dive depths and percentages of active animals observed were regressed against corresponding mean hourly light intensities. Hourly sample sizes varied from 3 to 24 in adult females, and from 11 to 32 in juveniles. Due to the non-independent nature of the means (individual animals were represented in multiple numbers of means), signi¢cance within the sampled data was assessed by the distribution of correlation coe¤cients, r, when randomizing hourly mean dive depth values within animals (see Manly 1997) over 510 6 iterations. The analysis excluded daylight hours (40.5 lux). To avoid bias from disproportionate numbers of dark hours around a new moon, analysis was limited to full moon+ten days (analyses including the full lunar cycle were more signi¢cant). Comparisons of regression coe¤cients between age groups were assessed by the distribution of t-statistics when randomizing group association over 510 5 iterations (Manly 1997) . Conventional analysis of covariance (using Systat 5.02 fW) delivered comparable probabilities of error with respect to the sampled population. Unless otherwise indicated, the degrees of freedom (d.f.) are always two less than the sample size N.
RESULTS
The lunar cycle strongly in£uenced the foraging and diving activity of Gala¨pagos fur seals in our study (¢gure 1). During the ¢rst quarter moon, adult females dived deeply during the ¢rst half of the night, but dived closer to the surface as lunar light decreased towards moonset (¢gure 1a). The pattern was reversed around the last quarter moon, when diving started at shallow depths and became deeper after moonrise (¢gure 1b). In contrast, during new moon nights fur seals dived to very shallow depths, diving slightly deeper only during dusk and dawn (¢gure 1c). This combination of diel and lunar patterns is re£ected for all animals, in a positive correlation between dive depth and surface light intensity, based on hourly means (¢gure 2).
Around full moon, fur seals were less likely to leave the colony, spending most nights ashore (¢gure 3). A cylindrical rank-correlation yielded signi¢cant lunar cycle variations in the percentage of observation time the seals spent in activity at sea for each age class (adult females: N 30, D n 0.251, U n 7.16, p50.05; juveniles41yr: N 31, D n 0.275, U n 8.14, p50.05; juveniles 1yr: N 20, D n 0.35, U n 6.55, p50.05). This pattern was more pronounced for juveniles (¢gure 3c) which showed a longer period of reduced foraging activity around full moon than adult females (¢gure 3b). Regressing mean hourly percentages of observed active animals against corresponding light intensities showed signi¢cantly steeper activity declines for younger animals (linear regressions ( y a + bx): adult females: a 80. Foraging activity was re£ected in mass changes at di¡erent phases of the lunar cycle. To test for lunar cycle e¡ects, weight changes were converted to [weight di¡erence in per cent of mean body mass, per deployment day], located at the centre day of deployment. Seven deployments (6.3%) of longer than 14 days (half phase) were excluded (averaging over a whole cycle would eliminate cyclic mass changes). A cylindrical rank-correlation yielded signi¢cant lunar cycle variations in body mass changes for all age classes (adult females: N 24, D n 0.311, U n 7.04, p50.05; juveniles41yr: N 31, D n 0.339, U n 10.02, p50.01; juveniles41yr: N 48, D n 0.257, U n 11.91, p50.01). Adult females and older juveniles studied during full moon lost mass, whereas those studied around new moon gained mass (¢gure 4a). Mass loss was more pronounced for older juveniles than adult females: mean mass change of nine adult females during full moon was 70.36% body mass per day, and of 11 juveniles41yr was 70.78% body mass per day (Mann^Whitney U 76.5, p50.038). Very young juveniles showed a reversal of this pattern (¢gure 4a), gaining mass during full moon, presumably from suckling (Trillmich & Mohren 1981), while losing mass around new moon when their mothers were at sea. During all phases of the lunar cycle, adult females dived to signi¢cantly greater median and maximum depths than juveniles (¢gures 4b and 2). When animals foraged over the full moon period they dived deeper than at other lunar phases. A cylindrical rank-correlation showed signi¢cant lunar cycle variations in dive depths (selecting individuals diving on at least two consecutive nights within two to six days after deployment: 25 adult females: median depth, D n 0.363, U n 8.59, p50.05; maximum depth, D n 0.351, U n 8.3, p50.05; 26 juveniles41yr: median depth, D n 0.51, U n 12.56, p50.01; maximum depth, D n 0.263, U n 6.49, p50.05). Average maximum dive depths of adult females increased by 50%, from 70 m at new moon to 100 m at full moon. For juveniles, maximal diving depth increased by about 30 m or 60% (¢gure 4b).
DISCUSSION
We interpret the observed dive patterns to re£ect reduced foraging e¤ciency of fur seals during full moon for four reasons. (i) Gala¨pagos fur seals are food limited (Trillmich 1990; Horning & Trillmich 1997b) . In most years they cannot raise their young to independence within 12 months, since juveniles do not reach the required body mass of about 15 kg within that time (Trillmich 1990 ). (ii) Given food limitation, variation in foraging e¤ciency should lead to maximum activity during periods of heightened e¤ciency. The animals were most active during new moon and stayed ashore during full moon. (iii) For a diving animal, deeper and longer dives lead to a reduction in diving e¤ciency due to the increased cost of diving and a relative decrease in time at depth (all else being equal; Houston & Carbone 1992; Thompson et al. 1993) . Fur seals dived deeper around full moon than around new moon suggesting reduced diving and probably reduced foraging e¤ciency around full moon. (iv) Juvenile fur seals are more limited than adults by their lower body mass (Horning & Trillmich 1997b) . As expected, the foraging activity of 1^2-year-old seals was more reduced during full moon than that of adult females, and their relative mass loss was greater. We conclude that a reduction in foraging e¤ciency during full moon due to reduced prey accessibility is the most parsimonious explanation of all the phenomena reported here.
We discount predation risk by sharks as a major factor contributing to the observed activity patterns in Gala¨-pagos fur seals, for the following reasons. (i) Light avoidance due to predation risk should elicit reduced activity equally at dusk and dawn, when light levels exceed 10 lux. Figure 3 shows this not to be the case: animals of all ages were active at dusk and dawn. Fur seals often depart the rookery hours before dusk and return ashore after dawn (Trillmich & Mohren 1981; Trillmich 1986a) . (ii) No lunar activity pattern was discernible for fur seals younger than one year, which do not forage yet (Horning & Trillmich 1997b ). These animals spent 11.7% of their time at sea near the shoreöwhere shark attacks are known to occur (Trillmich & Mohren 1981) öequally distributed over day, night and all lunar phases. (iii) Predation risk cannot explain the observed changes in diving depth over the lunar cycle (¢gure 4), nor an increase in the percentage of costlier dives exceeding the aerobic dive limit (Horning 1992; Horning & Trillmich 1997b) .
The periodic relative mass loss in juveniles exceeded that of adult females, and the time window of loss was wider. Thus, juveniles were more a¡ected by predictable resource variations than adult females, and their foraging e¤ciency declined to a greater extent. This decline around full moon dramatically reduces the e¡ective monthly foraging time, particularly of small yearlings. Young Gala¨pagos fur seals cannot be weaned at low body mass without risking starvation (Trillmich 1986a (Trillmich ,b, 1990 . A cyclic loss in body mass must reduce the overall growth rate of juvenile seals and thus delay weaning. Yearlings in our study weighed a mean of 10.3 kg, at the low end of the average size spectrum of yearlings (9.4^14.9 kg) over several years of study (Trillmich 1990) . Even the largest yearlings (in 1985, mean mass 14.9 kg, N 50) lost mass upon weaning at 12 months of age (718.9 g d À1 +30.9 s.d., N 17; F. Trillmich, unpublished data). In years of low food abundance juveniles grow slowly and do not reach su¤cient size at one year of age to support their energy needs by independent foraging. Therefore, their survival critically depends on continued support through maternal milk. Extending lactation for a yearling stops mothers from rearing a new pup (Trillmich 1986a (Trillmich ,b, 1990 , therefore reducing their rate of reproduction.
CONCLUSIONS
We interpret our data to indicate that a reduction in foraging e¤ciency due to cyclic changes in prey accessibility related to lunar light levels should in£uence the life history of the Gala¨pagos fur seal through ontogenetic constraints. The observed e¡ects must contribute to reduced juvenile growth rates, extended dependence on maternal resources, and ultimately to reduced maternal reproductive rates. Our ¢ndings stress the importance of studying ontogeny to understand the life history of a species. Furthermore, the time-scale of observations needs to relate to the temporal scaling of environmental variability. Knowledge of ontogenetic constraints will help pinpoint the determinants of a species' susceptibility to £uctuations in food availability. 
